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We investigated the neuronal representations in the hippocampus associated with planning during a
goal-oriented spatial navigation task. We found no evidence for the instantaneous representation of
the uncertainty in the data: the population activity typically encoded single locations at any given
time point. However, the variability between subsequent theta cycles was larger than that expected
from only encoding the most likely trajectory, and is consistent with random sampling from hypothetical
future trajectories. Thus, in the hippocampus uncertainty is represented by encoding multiple alternative
options sequentially.

With the Lab. of Neuronal Signalling, we set up virtual reality experiments and recorded the activity of
hippocampal neurons using Ca imaging. We studied how hippocampal spatial and contextual represen-
tations develop in mice during learning a navigation task. We found, that although hippocampal spatial
maps form early upon exploring an environment, emergence of task-relevant variables requires further
experience.

We also analysed the contribution of dendritic nonlinearities to the spatially selective activity of hip-
pocampal place cells. We found that the contribution of dendritic nonlinearities to the neural output is
maximal when synaptic clusters, formed via local plasticity, are moderately large. Moreover, we found
that synaptic inputs onto the same dendritic tree are processed by parallel functional architectures with
distinct computational properties.

In the next sections I give a succinct description of the achievements of during the 5 years of the project.
Further details can be found in our publications. As the workplan of the PD-125386 and the FK-125324
grants were largely overlapping, Sections 1 and 3.1 were also included in the final report of the PD grant.

1 Sampling-based representation of uncertainty during
hippocampal theta sequences (PD and FK).

The aim of our proposal was to identify how neuronal activity during hippocampal theta oscillations
contributes to efficient planning by representing the uncertainty associated with model based predictions.
The first two steps to achieve this goal was to develop measures to discriminate competing forms of
uncertainty representation (Aim 1, PD and FK) and to test them in previously recorded data (Aim 2,
PD and FK). We completed this goal and presented the results on multiple conferences (Cosyne 2019,
Areadne 2018, CCCN 2018, Bernstein Conference 2020) and is published as a Research Article in eLife
(ref. 1). Since the work is published, I only provide a short summary here.

The hippocampus has been established as one of the brain areas critically involved in both spatial
navigation and more abstract planning2,3. A crucial insight gained about the neural code underlying
navigation is that neuron populations in the hippocampus represent the trajectory of the animal on
multiple time scales: Not only the current position of the animal can be read out at the behavioral time
scale4, but also trajectories starting in the past and ending in the near future are repeatedly expressed
on a shorter time scale at accelerated speed during individual cycles of the 6-10 Hz theta oscillation
(Figure 1a, theta sequences5). These data provide strong support for a computational framework where
planning relies on sequential activity patterns in the hippocampus delineating future locations based
on the current beliefs of the animal3,6. Whether hippocampal computations also take into account the
uncertainty associated with planning and thus the population activity represents the uncertainty of the
encoded trajectories has not been studied previously.

Neuronal representations of uncertainty have been extensively studied in sensory systems7–10. Schemes for
representing uncertainty fall into three broad categories (Figure 1b). In the first two categories (product 7

and Distributed Distributional Code9, DDC, schemes) the firing rate of a population encodes a complete
probability distribution over spatial locations instantaneously at any given time by representing the
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parameters of the distribution11. In the third category, the sampling scheme, the population activity
represents a single value sampled stochastically from the target distribution. In this case uncertainty is
represented sequentially by the across-time variability of the neuronal activity12.

To analyse the distinctive properties of the different coding schemes and to develop specific measures
capable of discriminating them, we generated a synthetic datasets in which both the behavioural com-
ponent and the neural component was precisely matched to experimental data. Then we tested these
measures using both our synthetic datasets and place cell activity recorded in rats performing an open
field navigation task13.

To discriminate the product scheme from other representations we capitalise on the specific relationship
between response intensity of neurons and uncertainty of the represented variable. In a product repre-
sentation, when the encoding basis functions are localised, the width of the encoded distribution tends
to decrease with the total number of spikes in the population7. In contrast with this prediction, the pop-
ulation firing rate did not decrease for predictions extending further into the future in the hippocampal
data (Figure 1c-d).

In the DDC scheme, neuronal firing rate represents the overlap of the basis functions with the encoded
distribution9,14. We used a maximum likelihood decoder to estimate the width of the distribution repre-
sented in the population activity. Although the decoded SD increased with theta phase in our synthetic
DDC dataset (Figure 1e), we found no evidence for such systematic change during hippocampal theta
sequences (Figure 1f).

In the sampling scheme the cycle-to-cycle variability of the neuronal activity is increased, compared to the
mean scheme, by the stochasticity of the represented trajectory. We derived that this excess variability can
be measured if we compare the cycle-to-cycle variability with the deviation between the encoded and the
real trajectory of the animal (Figure 1g). The excess variability index (EV-index) reliably discriminates
sampling based codes from mean codes across a wide range of parameters (Figure 1h-i). We found that
the EV-index was consistently and significantly positive for all recording sessions (Figure 1j) indicating
that the data is consistent with random sampling potential motion trajectories in successive theta cycles.

The magnitude of the EV-index was substantially larger when evaluated on real data than in our synthetic
datasets, suggesting that the efficiency of the sampling algorithm is increased by reducing the correlation
between trajectories sampled in neighbouring theta cycles15 (”theta cycling”). We introduced the cycling
index to measure the tendency of the encoded future positions to alternate around the real trajectory of
the animal. We found that the cycling index was significantly positive for most of the recording sessions
indicating frequent alternation and an efficient sampling process (Figure 1k-l).

We have shown that the hippocampal population code displays the signature of efficient sampling of
possible motion trajectories but could not identify the hallmarks of alternative proposed schemes for
coding uncertainty. Our analysis demonstrated that the neural code in the hippocampus shows hallmarks
of probabilistic planning by representing information about uncertainty associated with the encoded
positions.
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Figure 1. Theta sequences and uncertainty. a Hippocampal place cell activity representing possible trajectories in
subsequent theta cycles during navigation. b Alternative schemes for representing a target probability distribution
(left, bottom) by the activity of a population of neurons each associated with an encoding basis function (left,
top). c Decoded position relative to the location and motion direction of the animal (black arrow) at eight
different theta phases (colors as in d) in many theta cycles. d Bias of the decoded position (top) and population
firing rate (bottom) as a function of theta phase. e Decoded SD (mean and SE across theta cycles) as a function
of theta phase for the different schemes in the synthetic dataset. f Same as e for each experimental session (colors
as in j) and mean and SD across animals. g Schematic definition of EV-index: the difference between cycle-to-
cycle variabiliy (CCV) and trajectory encoding error (TEE). h-i The EV-index for the mean (h) and sampling
(i) schemes with adding various amount of variability to the simulated data. Variability is added by simulating
irregular theta-trajectories (inset in h) and applying various amount of jitter for segmenting the theta cycles (color
code, inset in i). Error bars show SE. j EV-index calculated for all analysed sessions (color, mean and SE across
theta cycles) and across session mean and SD (grey). k Cycling index (normalised) for all experimental sessions
(colors) versus shuffle control (grey). l Real motion trajectories with the position of the animal (empty circles,
last point is grey) and the corresponding position decoded from late theta phase (filled circles) in subsequent
theta cycles. Theta cycles are colored by the orientation (left or right) of the decoded position wrt. the motion
direction of the animal.
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2 Learning related adaptation of behaviour and hippocampal
neuronal representations to task structure.

The aim of the proposal was to test signatures of uncertainty representation in Ca imaging experiments
recorded in collaboration with Judit Makara.

We originally proposed two different experiments. In the first one (Aim 3 of PD and FK), mice initially
learn to distinguish two different corridors based on sensory cues. Uncertainty can be induced by ap-
plying conflicting sensory cues. In the second experiment (Aim 4 of FK) we were planning to optimize
hippocampal imaging for population recordings and implement a sequential, non/spatial decision mak-
ing task to test the representation of uncertainty during planning in non-spatial contexts. The focus of
the research plan was towards experimental design and data analysis, and the actual experiments were
performed in the laboratory of Signal Processing with additional support of different funding agencies.

During the past years we have been working towards achieving these goals, but progress with the exper-
iments and data analysis was slower than we expected. In short, we 1) optimized imaging from large
population of neurons simultaneously by using transgenic (Transgenic Thy1-GCaMP6s) mice (aim 4.1);
2) Mice could reliably learn to distinguish different virtual reality corridors (Aim 3); We investigated
how hippocampal spatial and contextual representations develop during learning; 3) Even after repeated
attempts by different experimenters and several sensory patterns, we could not teach the animals to
distinguish corridors that could be morphed into each other, so we had to give up Aim 3.1-3.2. 4) We
found that developing training protocol for complex behavioral experiments are extremely risky and time
consuming, we focused on analysing data from the experiments that were safely working in the lab and
did not trained mice in non-spatial decision making tasks.

In the following I will briefly describe our results in how hippocampal spatial and contextual repre-
sentations develop during learning. These results have been presented in several conferences (FENS
2022, HHMI 2022, Hundoc 2022, MITT 2023), TDK conference of the Semmelweis University (2022
February, Attila Kelemen; 1st prize) and the University of Veterinary Medicine (2022 November). We
are continuing these analyses and planning to include the results in a journal publication in the fu-
ture. The analysis software developed by the support of the grant and is now routinely used by sev-
eral students and postdocs in our laboratories. It is freely available in my github repository https:

//github.com/bbujfalussy/ABmice.

Establishing the relationship between neuronal and behavioural adaptation to the environment is a fun-
damental problem in neuroscience. The hippocampus contributes to flexible behaviour by representing
task-relevant variables in an abstract form in monkeys performing simple decision making tasks. In
rodents, the hippocampus supports spatial navigation by rapidly forming a sparse spatial code. How
task-relevant spatial and non-spatial variables develop during learning and whether they are also repre-
sented in an abstract form is poorly understood.

It has been recently suggested that neuronal representations that share common elements across several
task conditions are extremely useful for generalisation across those conditions because they enable cog-
nitive flexibility and fast learning16. In the hippocampus, which is a key region in contextual learning
and memory, variables relevant in a context dependent go/no-go task are represented in an abstract form
that enables generalisation across conditions in monkeys16.

Hippocampal representations have been most extensively characterised in rodents performing various
spatial tasks17. Spatial tuning of hippocampal place cells emerge typically early and independent of
the behavioural task18 whereas task specific components of the hippocampal code emerges more slowly
during prolonged experience19–21.

Spatial codes are characterised by the rapid decorrelation of the representation of nearby positions22.
Representation of distinct environments can be either independent (”global remapping”) or, if the envi-
ronments are similar, can involve neurons with similar spatial tuning curves that differ only in their firing
rates (”rate remapping”)22,23. Whether neurons can respond coherently during rate remapping and thus
enable generalisation of the knowledge acquired at a specific location of one context to other locations
even after remapping24 is currently unknown.

Here we used 2P Ca2+ imaging to record the activity of CA1 pyramidal cells in Thy1-GCaMP6s mice in a
contextual go/no-go task that required both goal-oriented navigation and using non-spatial environmental
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features. Mice learned to slow down and specifically lick near the hidden reward zone in one of two virtual
corridors that differed in their colour or pattern. Early during learning the spatial maps were substantially
similar in the two corridors, but they diverged later: the code became more precise around the reward
zone and the number of corridor selective neurons increased in both corridors.

Specifically, we studied hippocampal code in low and high performance sessions separately (Figure 2a-d).
We found that the fraction of spatially tuned neurons increased from 20% (of active neurons) to 30%
in the rewarded corridor in the high sessions (Figure 2e). In the low sessions, a substantial fraction of
neurons had similar spatial tuning in the two corridors (Figure 2g) and the representation of the two
corridors were highly correlated (Figure 2h). In the high session, corridor selective neurons emerged
(Figure 2b,f) and the similarity of the representation of the two corridors decreased (Figure 2g-h).

Next we tested the trial-to-trial representation of the task relevant variables by simultaneously decoding
both corridor identity and position. Decoding corridor identity was only possible in the high performance
sessions (Figure 3a). Position decoding error was already below chance level in early sessions and de-
creased further near the reward zone of the rewarded but slightly increased in the unrewarded corridor
(Figure 3b-c).

We tested the generalisation of the hippocampal spatial code across corridors and across positions (Fig-
ure 3d-e). The position code generalised better in low than in high sessions (Figure 3e), whereas corridor
identity was encoded in an abstract form that generalised well across positions in high sessions (Fig-
ure 3d). We could also decode the corridor identity from lick and speed in high performance session
(Figure 3f) and it also generalised well before the reward zone. The performance of the two decoders
using behavioural and neural variables were correlated, but the predictions of the behavioural decoder
lagged behind predictions from neuronal activity (Figure 3f-g).

Our results demonstrate that although hippocampal spatial maps may form early upon exploring an
environment, emergence of abstract representation of task-relevant variables requires further experience.
Encoding task-relevant information in an abstract form in the hippocampus could help the brain to
quickly generalise newly acquired knowledge.
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Figure 2. Tuning of hippocampal CA1 pyramidal cells during behavioral adaptation in a virtual contextual
go/no-go task. a Experimental setup. Mice were head-fixed under the microscope, running on a linear treadmill
in a virtual reality environment. Mice were trained to discriminate based on either COLOR or PATTERN
between two corridors presented in a pseudorandom order. b Example activity (inferred spike rate in individual
laps, bottom and average firing rate, top) of two neurons (top and bottom) in the two corridors (left and right). c
Running speed (blue) and lick rate (orange) in low (left) and high (right) performance sessions in the unrewarded
(top) and rewarded (bottom) corridors. Thick line shows average across laps. d Percent of correct choices for
the analysed sessions. e Proportion of spatially tuned cells in the different corridors, tasks and performance.
f Proportion of corridor selective neurons in the different corridors, tasks and performance. g Proportion of
neurons with similar spatial selectivity across the two corridors in the different conditions. h Similarity of the
spatial maps in the two corridors quantified by the cross-correlation (colormap) between the population vector at
different positions (x and y coordinate) in the PATTERN task. Top: the diagonal of the cross-correlation matrix
of individual animals (grey) and their mean and SD (blue). In panels e,f and g grey lines show individual mice,
barplot shows mean and SE.

Figure 3. Population code adapts to task structure. a Probability of corridor decoding error (color: mean and
SD; grey: individual sessions) as a function of position in low and high performance sessions in the color and in
the pattern discrimination task. b Position decoding error (color: mean and SD; grey: individual sessions) plotted
separately for the two corridors in the low and in the high performance sessions. c Mean position decoding error in
the two tasks. d Example cross-position corridor decoding confusion matrix (one low and one high session) shows
the probability of error as a function of the true position (x-axis) and the position from where neuronal data was
used to train the decoder (y-axis). e Cross-corridor position decoding (e.g., decoder trained using laps from the
rewarded and tested on the unrewarded corridor) confusion matrices averaged across low (left) and high sessions
(middle) in the pattern discrimination task. Average position decoding error using for the two corridors in low
and high sessions. f Probability of corridor decoding error using speed and licking data in low and high session in
the color discrimination task. Mean of the corresponding neuronal decoder is replotted from a. g Frame-by-frame
cross-correlation between the prediction of neuronal (a) and behavioral (f) decoder. positive delays indicate lead
of the neuronal representation.
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3 Disentangling hippocampal representations with unsupervised
deep-learning

The Aim 5. of the project was to develop new tools to analyse non-spatial sequential data in the
hippocampus. We achieved mixed and partial results here and the goal is not fully completed. The results
were presented in several conferences (probabilistic AI summer school, Bernstein conference, Hundoc) and
have been published in the Master Thesis of Márton Kis (ref. 25). After finishing his MSc in Computer
Science, Marton has quit my research group for a job in the industry. We tried to continue this line of
research with other students but they need more time to learn the necessary mathematical concepts and
programming techniques to proceed with the project. Here I briefly describe our main conclusions.

We applied unsupervised dimensionality reduction techniques to discover the representations used by the
hippocampus during cognitive tasks using beta Variational Autoencoders (βVAE). Learning disentangled
representations is considered a central problem in representation learning and are indispensable tools to
identify variables represented in the neuronal population activity in an unbiased way. The current state-
of-the-art unsupervised disentanglement approaches are different flavours of the Variational Autoencoder
(VAE) framework, a flexible generative model that aims to learn the joint distribution of observations
and their latent generative factors. Several heuristics have been introduced to encourage disentangled
representation of the posterior (e.g., Beta-VAE, Annealed-VAE, DIP-VAE) yet how their performance
depends on the complexity of the mapping between the latent variables and the observation is not known.

We applied βVAEto a dataset monitoring the activity of hundreds of hippocampal neurons in rats com-
pleting an open field navigation task. We found that βVAEcan be used to efficiently learn a lower
dimensional representation of neuronal data, but the factors learned by the model are not encoded in a
disentangled, interpretable and linearly decodable way.

To investigate the relationship between learning disentangled representations and the nonlinearity of the
mapping between the latent and the observed variables we generated several datasets where the latent
variables were the 2-dimensional position of a Gaussian blob in a greyscale image and we systematically
varied the size of the blob across datasets. This corresponds to simulating the activity of place cells
regularly covering a 2-dimensional open arena. Confirming previous results we found, that VAEs can
efficiently learn the smooth, disentangled representation of the 2D position (up to arbitrary rotation
and scale) when the size of the blob is large (Figure 4a). However, disentangling failed when the size
of the blob fell below a critical level. Interestingly, the learned representations displayed hallmarks of
disentangling when studied in restricted regions of the state space, yet on the entire representation broke
apart into several discontiguous regions (Figure 4b).

We found that this problem only arises when the mapping in highly nonlinear, i.e., learning the right
mapping in one region of the state space does not facilitate finding the right mapping in distant areas.
By using a supervised pre-training (i.e., training the encoder explicitly to map neuronal activities to po-
sition) we could force the network to learn the globally disentangled representation but the two solutions
(supervised disentangled and unsupervised entangled) had nearly identical marginal likelihood indicating
that this is not just a problem with the numerical optimisation techniques we used (i.e., local minima).
We argue that this issue arises when learning the mapping mapping between the latent and the observed
variables starts independently at different regions of the state space and current objectives do not en-
courage stitching these regions together to from a coherent representation. We tried solving this issue by
keeping the capacity of the model low for an extended training period until the latent structure became
globally disentangled. We speculate that this issue will be exaggerated in real-life tasks where the state
spaces are often unbounded and the mappings are highly nonlinear, necessitating further investigation of
this issue.

Additional work:

Because our recent results26,27 as well as new data in the literature18,28–31 indicated an important con-
tribution of dendritic integration to location coding by hippocampal pyramidal neurons, we decided to
further explore the synaptic and dendritic mechanisms responsible for the generation of the place code
in the case of hippocampal pyramidal cells during theta sequences. We conducted two different research
projects, where the PI (Balazs Ujfalussy) received part of his salary from the FK grant. The first one,
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Figure 4. Unsupervised learning of latent variables. a Two dimensional latent embedding of 100 dimensional
synthetic place cell data. Activity of 100 place cells were simulated at different spatial locations and the generated
spike counts was used to train βVAEthat learned a two dimensional representation of the data. Each dot shows
the value of the latent variables (x and y coordinate) for a given datapoint colored by the true location (not
observed by the network during training, green and red pixel intensity corresponds to true x and y coordinates).
In this case the algorithm found the intuitive mapping from neuronal activity to latent variables, and the latents
can be interpreted as euclidean spatial coordinates. b Similar to panel a, for a different simulation, where the
algorithm was unable to find the intuitive mapping from neuronal activity to latent variables, and the latent space
remains distorted.

focusing on the impact of functional synapse clusters on neuronal response selectivity during in vivo-
likeinput conditions is published in ref. 32 and is briefly summarized in Section 3.1. The second project,
which was a collaboration with Kim Young Joon and Máté Lengyel (University of Cambridge), has been
recently published in ref. 42 and is briefly presented in Section 3.2.

3.1 Impact of functional synapse clusters on neuronal response selectivity

Our goal in this project was to understand the relative contribution of input-dependent and dendritic
factors to the input-output transformation of CA1 pyramidal neurons under in vivo input conditions. We
developed a computational technique to decompose the variability of the somatic voltage response (sVm)
of a model CA1 pyramidal neuron to in vivo-like inputs into three components: 1) dendritic factors i.e.,
differential spatial distribution of inputs active along the track including small-scale functional clustering
or large-scale spatial heterogeneities (e.g., proximal vs. distal dendritic location). 2) variability in the
inputs active along the track, including variations in the precise number of presynaptic neurons with
place fields at a given location, their maximal firing rates or their synaptic strengths; 3) Trial-to-trial
variability associated with stochastic biophysical processes (e.g., spiking and synaptic vesicle release).
We found that large-scale dendritic spatial inhomogeneities in synaptic tuning properties did influence
sVm, but small synaptic clusters appearing randomly with unstructured connectivity did not. With
structured connectivity, 10-20 synapses per cluster was optimal for clustering-based tuning, but larger
selectivity was achieved by 2-fold potentiation of the same synapses. We further showed that without
nonlinear amplification of the effect of random clusters by local dendritic mechanisms, action potential-
based, global plasticity rules can not generate functional clustering. Thus, dendritic nonlinearities are
indispensable for the appearance of functional synaptic clusters observed in vivo 30,33,34.

Moreover, we analysed dendritic integration of pyramidal neurons during sharp wave activity and found
that the impact of synaptic clustering on the neural response is small during SPWs and can even be
negative when large clusters are combined with LTP and synaptic saturation becomes the dominant
effect. Furthermore, using our computational model we showed that strong Na+ spikes can overcome
synaptic saturation during SPWs and make the CA1 model neuron more responsive to large synaptic
clusters.

Our findings indicate that 1) the selective responses of cortical neurons are primarily the consequence of
the tuning of their synaptic inputs, 2) functional synaptic clustering matched to local dendritic properties
can have additional role in refining those responses 3) plasticity of functional synapse clusters such as
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Figure 5. Comparison of computational models of the neuronal input-output transformation
Each shape (circle or square) represents a functional “subunit”, performing an elementary operation (e.g. sum-
mation followed by a sigmoid non-linearity) on the inputs (incoming arrows, from spikes arriving via afferent
synapses, or from other subunits) to produce its output (outgoing arrow). The output of the cell is produced by
the bottom subunit (open circle). Identical shapes indicate subunits performing similar operations. An example
input spike train is highlighted in green, and the pathway processing this input is highlighted in colors. Splitting
and mixing of colors indicates divergence and converge of this pathway: parts conveying distinct contributions
of this input are shown in separate colors (blue and yellow), parts conveying mixed contributions are shown in
green. A Point neuron model with no hierarchical processing35–37. B Hierarchical cascade: each spike train is
only processed by a single pathway27,38,39. C Hierarchical cascade with input multiplexing27. Each spike train is
processed by multiple rapidly converging pathways that are only kept separate at the level of inputs and use the
same type of elementary operation. D Deep neural network40. Each spike train is processed by multiple rapidly
converging pathways that diverge and converge in each step, always using the same type of elementary operation.
E Parallel architectures (this study). The processing pathways of the same spike train only converge in the last
step of the hierarchy, and these pathways belong to different functional architectures using different elementary
operations (circles vs. square).

those observed in vivo requires local rather than global mechanisms, and 4) in turn, local plasticity by
small synaptic clusters may lead to powerful tuning of somatic responses.

This work has been published in Nature Communications 11:1413 (2020) (ref. 32).

3.2 Parallel functional architectures within a single dendritic tree

The input-output transformation of individual neurons is a key building block of neural circuit dynamics.
While previous abstract models of this transformation vary widely in their complexity, they all describe
the underlying functional architecture as unitary, where each particular synaptic input makes a single
contribution to the output of the neuron through subunits performing the same single type of elementary
computation, either once or cascaded multiple times (Figure 5A-D). Here, we show that the input-output
transformation of CA1 pyramidal cells is instead best captured by two distinct functional architectures
operating in parallel (Figure 5E).

To study the functional architecture of neuronal input-output transformations under in vivo-like condi-
tions, and in particular to establish formally whether its underlying architecture is unitary or parallel,
we used a model-based approach that allowed us to rigorously characterize this transformation in a data
driven way. For this, we first extended previously developed methods in which subunits only had static
nonlinearities27,38,39 by incorporating subunits capturing arbitrary nonlinear dynamics. Second, we fit
all the parameters of the model, including those parameterizing the dynamical nonlinearities, as well as
the architecture of the model in a data-driven way, with minimal prior assumptions. Using these meth-
ods, we characterized the input-output transformation of a hippocampal CA1 pyramidal cell during the
“theta-state”41.

In particular, our analysis revealed a striking dichotomy in the way dendritic Na+ channels versus all
other dendritic processes contribute to the somatic membrane potential. While the contributions of other
processes, summarised in vnoNa, are responsible for most of the subthreshold variability in the somatic
membrane potential, the contribution of Na+ channels, represented by vNa, has a major influence on the
timing of somatic action potentials.
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We found that predicting the contribution of dendritic Na+channels to the output of the cell (vNa)
required a fundamentally distinct functional architecture from predicting the contributions of all other
dendritic signals (vnoNa). In the vnoNa architecture, the entire dendritic tree functions as a single global
subunit processing all synaptic inputs and expressing a static nonlinearity. This architecture is thus
defined by the effective weights of synapses, which in turn mostly depend on their somatic distances. In
contrast, in the vNa architecture, the dendritic tree is best described by a cascade of multiple subunits,
each of which corresponds to a small segment of the dendritic tree and processes only the corresponding
subset of synaptic inputs. This architecture is mainly determined by how the synapses are assigned to
different subunits, which in turn depends on the clustering of coactive synapses on the dendritic tree.
The nonlinearity of subunits is dynamic and exhibits spiking-like behaviour that is activated by strong
and synchronous local inputs.

Thus, synaptic inputs onto the same dendritic tree are processed by parallel functional architectures with
distinct computational properties.

This work has been published in Cell Reports 42, 112386 (2023) (ref. 42).
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